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AN EXPZRIMENTAL INVESTIGATION OF HEAT TRANSFER
IN THE NOZZLE OF HIGH-ALUMINIZED SOLID ROCKET
(EFFECTS OF ALUMINUM ADDED TO PROPELLANT)

Tomifumi Godai, Yothinori Yuzawa
Katuya Ito and Hisao Nishimura

ABSTRACT. The heat transfer in the nozzle of a high~aluminized
solid rocket has been experimentally investigated.

It Is noted that the addition of metallic fuel to the
propellant has a pronounced effect on the heat transfer co-
efficient but that the radiant heat flux Is not dominant in
such a nozzle. .

It Is also notec that Bartz's treatment may be applied
to the heat transfer problem in 2 mixed gas-particle flow,
assuming that the gas-particle flow behaves like the gas fiow
with equivalent specific heat ratio x.

The equivalent specific heat ratio is obtained, where
‘the velocity-lag of the particle behind the gas flow is
negligibly small.

An experimental study was made of the heat transfer
in a solid rocket mortar nozzle using a polybutadiene
system composite propellant containing aluminum. It was
found that the rate of heat transfer increases markedly as
the aluminum content in the propellant is increased, and
that the effect of heat radiation of alumina partncles was
small, Moreover, in computing the heat transfer, the com-
bustion gas flow containing alumina particies was treated as
a single gas phase flow having mixed phases and equivalent
specific heats, and It was found that the results of com-
putation obtalned by applying the semi-theoretical equation
pertalning to turbulent flow heat transfer within a tube
matches well with the experimental values.
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1. INTRODUCTION:.

Characteristics such ay the specific thrust of solid rocket propellants /1%
have improved greatly in recent years. There are reasons for this progress;
we can consider advances in research on oxidants, fuel binders, and
catalysts which are propellant components, together with the effects obtained
by the addition of metal fuels such as aluminum powder to them. However,
while the addition of metal fuels serves to improve the specific thrust, they g
make the heat conditions in the nozzle section more severe. In propellants ;
containing large quantities of aluminum, there is much greater damage done
to the nozzle throat section in comparison with propellants not containing
aluminum, and ablation is particularly severe with plastic nozzles. Because

- of this it is considered to be the elevation of temperature of the combustion
*Numbers in the margin inaicate pagination in tEe foreign text. .

1




gas duc to the burning of the aluminum, and the effects of the coagulate!
particles of alumina., It is a well known fact that if one assumes that

the combustion gas is a perfect gas, and that the reaction in the process
of expansion in the nozzle is frozen, the results of computation obtained
by application of Bartz's semi-theoretical equation [1,2] for turbulent flow
heat transfer within a tube agree well with experimental values, in the case
of a heat transfer within a rocket motor nozzle using propellants that do-
not contain metal additives. However, the weight ratio of alumina in the
combustion products in a propellant containing 20% aluminum, reaches

as much as 50%, and the method of treating the effects of this ratio posecs
a problenm.

We have conducted an experimental study of heat transfer in a solid
rocket motor nozzle, using a polybutadiene system.composite propellant,
containing no aluminum, 10% aluminum and 20% aluminum, and have attempted /{2
to do a theoretical analysis of the results.

2. SYMBOLS:

A: Area _

Cp: Specific heat at constant pressure
k D: Nozzle diameter

E: Nozzle throat area ratio

F: Thrust

I: Volume ratio

Isp: Specific Thrust

Mach
Combustion pressure
Prandtl number

oy ve

Heat capacity

Gas constant

Weight

Average cross section area of particle
Specific heat

Characteristic exhaust gas rate
Particle diameter

Configuration coefficient

Acceleration of gravity
Heat transfer coefficient -
Heat conductivity

Distance
Average molecular weight of gas
Number of particles per unit volume
Heat transfer volume
Radius of curvature of nozzle throat
Time
Velocity
Specific Weight
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Monochromatic radiation rate

3: Temberature

pt Viscosity coefficient

p: Density

¢o: Boltzmann's constant

k: Specific heat ratio
SUBSCRIPTS:

¢: Convection flows

g: Gas

0: Stagnation point

p: Particle

pp: Propellant

r: Radiation

t: Throat

w: Wall

x: Point

3. METHOD OF EXPERIMENT

In this investigation, it was decided to determine the rate of heat
transfer by measuring the temperature changes of plugs placed perpendicular
to the wall surface in several places within the nozzle. Many thermo-
couples are required in this method, but it is well known that in cases such .
as a solid rocket, the combustion time is relatively short, and it is
possible to obtain highly acurate resul:s in the case where it is difficult
to obtain a thermally stable state [3].

If we consider here that the surrounding surface of the plug which is

. used for measuring heat transfer is completely heat-insulated except on the

heat transfer surface and in the e .tremity, it is possible to view the plug,
in terms of heat, as a single dimension model. The increase in heat capacity
per unit of time can be expressed as

T et e (), 8

since it i3 equal to the heat flux i which enters through the heated surface,
and if we assume that the heat loss from the outer end is k(%%)z = 0, then the

rate of heat flow into a plug with a length, I, and a constant cross section
area, A, in the time interval between tl and t, is:

1" s l ) ‘ 1 . -
gnomg[§, toete=§ eetruds 2)
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Consequent]y: the heat transfer rate h is computed by

1
h!“"“)= (0,—511)‘("#!? ' (3)

X{ "l_h (s: (pct) «;43"8: (pc8) 1y :)}

.
-

The plugs were made of pure copper which have a high temperature
conductivity, in order to avoid 1losses on the heating surfaces, and in
order to minimize the heat exchange with the surrounding parts, the plug /3
was placed in a nozzle made of the same material.
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Fig.  1: Model of Copper Plug

As shown in Figure 2, two models (I, II) with differing plug positions for
temperature measurement were used for the nozzles that were tested. in
~model (I) the five points A, B, C, D, E, and in model (II) the five points
A, B', C, D'. E' are the positions of plug attachment. In each case C
corresponds to the throat section.
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A Plug position and throat area ratio
Position o . . - : .
Nozzletype] A | 8 | & 1 C | v | D | E | E

1 ne [ 43 10 20 40
116 0 | w0 | 13 26

Fig. 2: Cross Section and Plug
Posit’on in Nozzle Used for
Measuring Heat Transfer

As indicated in Figuve 3, two holes one mm deep and 0.4 mm in diameter
were made at a distance of 1 mm from each other on the peviphery of cne
plug. After inserting an alumel wire 0.3 mm in diameter and a chromel wire
of the same diameter into these holes, thermocouples were placed in four
spots at distances of 8, 13, 20, and 28 mm from the end of the heated area.
A total of 20 thermocouples .¢ used. In order to reduce the area of
contact of the plug and the nozzle wall, they were made to fit closely and
the section of the plug protruding into the nozzle inner wall was shaved off,
so that it was uniform with the nozzle inmer wall. This means that the
distance from the heated surface to the thermocouple differed from the 8,
13, 20, and 28 mm described-above, so after tests, these were measured
acurately by removing the plugs. Furthermore, in order to reduce the heat
fluctuation due to conduction currents in the space around the plug, the
gap between it and the nozzle itself was reduced.

Fig. 3: Plug Configuration and Position of
Thermocouple Insertion

. The propellant used in the tests was a polybutadiene composite with
ammonium perchlorate as the oxidant. The configuretion is shown in Figure 4.
The diameter is 93 mm, length 327 mm and weight 2.6 kg. Since the heat
transfer rate differs depending on the combustion gas pressure, flow velocity
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Register and flow rate, the internal con-

figuration of the propellant was
selected s» that these values
would remain as constant as
oossible during measurement of
heat transfer, i.e. so that the
thrust would remain as constant
as possible. For the propellant
three varieties were used, one
not containing aluminum powder,

g? . aluminum,

-~ Propzliant

AR . -n-.
. . .

one with 10% and one with 20%

The average particle
diameter of the «luminum powder
used was 19 p. The propellant /4
composition is shown in Table 1.

Fig. 4: Configuration of Propeliant

"‘.“',‘."'!"”3“"7 U
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The rocket motor burning
y o B test was conducted on a ong ton
M ‘“[]WM“*‘MVM~: - lateral test stand in the solid

Cop‘;:".r;]\onlm. ,L’-’""" AP rocket laboratory. Figure 5
: j \&4_# I "_\. . 7(\,3 shows the rocket motur on the
A R Sy AN { test stand. Resistance wire
. &%{igﬁsu}%IfHéLg’; (7{\&33; strain gauge type pick-ups were
--"""'.vs-:‘:‘{ X H ! t‘ﬁ;«“"" used for measuring the thrusts
. ;;35;;;3, s ~}¢{--.¢m;m and combustion pressure, and
L—o-’ - —'-'-' B "
— et AN the apparatus was designed so
‘ < w0 ‘;S\QX that these measurements, along
Fig. 5.

.with measurements of temperature

could be recorded on a direct
vision electromagnetic oscil-
lograph. The thermocouples used for measuring temperature throughout the
measuring system, were calibrated at 20°C, 60°C and 80°C, with the melting
points of tin, lead, and zinc prior to the tests.,

Tabte 1. Composition of Propellant
. o-‘- Poly=~ _
Composmon‘ m M. " buta-

Propellant T~ [ rate ‘} diene ow é? um
Propellantwith0%#Al | 8 | 2 | 0 |
Propellant with 109" Aj 72,7 | 18.2 9.1
Propellantwith20% Al | 66.6 | 16.7 | 16.7 |
L - - ———'

*Percentage increase to gross weight

The burning tests for each propellant were conducted under conditions
where KN (ratio of combustion area to nozzle throat area) were constant. As
explained below, for propellants with a 0% and 10% aluminum content data were
obtained for four burning tests, but in the case of propellant containing

20% aluminum, in the two burn1ng tests that were conducted, the nozzle throat
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was barned'up 0.6 seconds after ignition both times. For this reason, for
the propellant with 20% aluminum, the pure copper nozzle was replaced with a
graphite nozzle and separate burning tests were conducted.

4, Test Results

The results of burning tests of each propellant are shown in Table 2 below.

.

Table 2.: Burning Tests Results

Ptopcllant with 10% Al PIOpf Mant with 20% Al

Type of P:opellant ‘ Propcllant with 0% Al

Propellant Weight
Specific Thrust °

P e————d - I — -
= _ Test ! i ! { | I
Observation _ T ! l 2 I s_ml_“ | ! | 2 3 l 111 * 3:_
Mimmum Pressure l’mm: 39.3 kg/cm’ 8.5 41.5 41.2 |48 549.5 ‘ 53.3:62.546.9 | 53.7 | 48.5
Maximum Pressurc Pmax  52.3 kyg/em? 54.4 ; 55.1 | 59.5 [ 69.5 | 70.3 | 71.1 [ 70.3 | — | — | 60.2
‘v,,=
|

2.486 kg
213 sec J -

2.478 2.477 2.468 2.590
, 211 ] 211 | 232

2,585 2-676 2.545 .2.676 2.633 12.677
221 2261 227 | - -

226‘

* Results from graphite nozzle

One example of the thrust-time curve is shown in F1gure 6.
the thrust was 300 kg, the combustion pressure 50 kg/cm?, and the burning time
It was decided to read the temperature data for calculating

was two seconds.

In each casec

the heat transfer rate off the recording paper in the interval during which
the burning state can be regarded as almost steady, avoiding the unsteady
burning time'immediately after ignition, since the lieat transfer rate is

largely determined by the physical values of the gas.

In Figure 7, the dis-

tance from the thermocouple on the copper plug to the nozzle wall is parted
on the x-axis and the temperature at these points is parted on the y-axis
The wall temperature ew

.(logarithmic  axis).

is determined by extrapolation

since it is expressed by a primary equation in a theoretically semi-loga-
system, if one assumes that there is no loss from the

rithmic coordinate

periphery of tihc nozzle, and the heat transfer rate is also steady.

the temperature distribution between each measuring point within the plug

Moreover,

is expressed as a primary equation, and the heat transfer volume ql/z(tl + tz)
Y was calculated from equation (2).
" .
* ith 20% Al
P e Propellant wit o
. -:7/- - "
” Propellant |
| with 0% AT
. Propellant with 10% Al
o= o ) 13 o
: Xy tlirust
Fig. 6: Thrust-time Curves
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Temperature rise

10 2.0 30 mm j
£=0 Distance from nozzle wall

Fig. 7: Temperature Distribution
on Plug at Poirnt E' in the Case
of 2 Propellant with 10% Al

5. ANALYSIS

5.1 Alumina particles in combustion gas.

It is considered that the diameter and size of aluzina particles pro-
duced by the burning of aluminum gradually increase as the alunina themselves
- collide and fuse together repeatedly within the nozzle [4, S, 6]. However,
there are reports concerning the particle diameter of alumina which is
ejected from the nozzle, stating that the diameter varies according to
combustion pressure [7], and reports that the diameter is 2-3 u regardless
of combustion pressure [8]. However, it is considered a fact that the
diameter of the alumina particles varies according to the aluminum content

in the propellant [9, 10].

Even if the diameter of the alumina particles in the nozzle increa: .s
due to collision and bonding, in the case of propellant containing 20%
aluminum, it is reported that the diameter of particles ejgcted through the
nozzle is below 4.5 u at a combustion pressure of 70 kg/em” [10], and even
if one calculates and compares the gas velocity and the alumina particle
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velocity inside the nozzle, there is no great difference when the particle
diameter is less than scveral u, and the temperature difference between the
gas and the alumina particlos is swmall.

Here we shall consider the flow in the nozzle on the basis of the
following conditionms.

(1) There is no loss of mass or energy from the system.
(2) There is no variation in mass between phases.

(3) 'The alumina particles do not cause a reaction, and the volume
occupied by them may be disregarded.

(4) The gas is a constant component and is considered to be a perfect
gas.

(5) The specific heat of the gas and alumina particles is assumed to
be constant.

The energy equation for the gas and alumina particles is

W cpg(85~6,) +--21-u¢’] i

+Wy["?r(3p—opo) +—%—“p’]=0 ' ) /6

As we have already noted, siuce the alumina particles that are produced are
very small, if we assume that the temperature difference and the v-Tocity
difference between the gas and the particles may be disrcgarced, we can find the

equivalent specific heat ratio of the mixed flow of particle and gas . If,

in equation (4) we assume u_=u_=u, 6 =6 =6
: P g p g

| . (55

Here, x is the specific heat ratio only for the gas phase.

a2l

That is, we can regard the two phase flow of gas and particle as a gas
phase in which the specific heat ratio is K.
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If we consider the nozzle gas to be an ideal gas, the gas velocity in the
nozzle ug is

e—1 ,ﬂ—.—:lx
E=Ar_ M, /_‘: z - "t (6)
==am N —1
M

If the specific heat ratio x is determinecd, it is possible to compute the
Mach number Mx at point x with respect to the aperture ratio E.

5.2 Physical values of combustion products

Since in this test we are not measuring the combustion gas temperature,
specific heat ratio, or the average modular weight, these values were deter-
mined from the results of tests on the composition of the propellant, combus-
tioan pressure and specific thrusts, and from the literature [9, 10, 1i].

The specific heat ratio is calculated from equation (5) but the percen-
tage of alumina contained in the products of combustion in equation (5) wp/wn

was determined assuming that all of th: aluminum underwent reaction in the
propellant, foxrming alumina. The resu'ts are shown below in Table 3.

Table 2: Alumina Weight Ratio in 5.3 Convection flow heat
Products of Combustion _ transfer rate
. —— Cr Considerable tests of heat
) - ——;;?' : transfer in nozzles of rocket
. motors, whicli do not contain
Propellant with 0% Al 0 . powdered metal such as aluminum,
Propellant with 10% Al 0.17 have been made up to the pre-
Propellant with 20% Al - 0.48 | sent time, and semi-theoretical

e e . equations have been obtained.
Of these, Bartz's equations
agreed well with the test values, and are used in calculating heat transfer
in nozzles. The convection flow heat transfer volume q

”e(’g”‘ow) ’ ’ (7)

- ey

Here,. u51ng Bartz's semi- theoret1ca1 equation, the convection heat transfer

rate \c N .. - ,
A %‘.’35(”}’5‘-’)( RN ' ®

In this equation the heat transfer volume is validly determined by the per-
centage of flow of mass per unit area. ,
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The convection flow heat transfer was computed on the basis of (7).

5.4 Radiant Heat Trarsfer

The radiant heat transfer volume &r from the alumina particle cloud to the
nozzle wall is expressed by the following equation.
dr=ey tp-9-£ (0, '-a )
(10)

As for the radiant heat transfer between particles, we consider the
alumina particle to be spherical, and assuming that the temperature of a part-
icle is almost eyuivalent to that of the neighboring particle, and that the

“heat transfer within the ambient gas is negatibly small, if we assume that heat

transfer occurs only from the alumina particles to the nozzle wall, f = 1, and
equation (10) becomes

dr=tu-t5-0(8,4—0,%) _ (11)
or

. g’_l—QOnﬂl ’ (12)

(See 12).

Expressing the gas velocity at a point where the nozzle inner diameter
is D as ug, and the specific weight of the alumina particles as Yp’ since

the gas volume passing through the nozzle in a unit of time is %-- D2 - u , the

: . 8
relative volume of the generated gas and the alumina particles I is
. = tD’llg
' 4. (13)

ﬁp is the alumina particle volume of partcicles passing through the nozzle

in a unit of time.

. : " 4F
. W,—W- I.p -
' (14)

Whereupon,
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ml:( 1 )x . D_3D

EFTUCIAEY (15)

Substituting equations (13) and (14) in equation (15),

e ey () A -

. o 1pdp \ Wt W, / Iy (16)
Therefore, the effective radiation rate e_ of the alumina particle cloud can
be determined, given small use of ug, Yp’ and dp' Moreover, the radiation rate
of the nozzle wall e, can be considered to be almost constant when the nozzle
wall temperature is below 1000°C. From the above, the radiant heat transfer

rate ér can be computed by equation (11).

pect/atie ) Tt 6. Examination of Results Y9
: % _ ear-ePropellant
: o sA-1o Propellant Figures 8 and 9 show variation in the
%i ' heat transfer rate at points A and E'
s during combustion. This variation is
8 : almost stable with respect to the passage
2| e—d— e ——a—a—” of time. This is because the flow rate
I S LA UL R T & - of products of combustion passing through
a . - Time (sec) - the nozzle during that interval is almost
i Fig. 8: Variation in Heat constant and as shown in Figure 10, if
B Transfer Rate at Point A we determine the heat transfer rates at
. 0.5-0.6 seconds and 1.0-1.1 seconds and
§ s .- compare them, we see that they are almost
beat/alsT ' ) constant regardless of the presence or
3 ' ' . absence of aluminum in the propellant.
= ea-t0 Propeliant
& s41- ¢ Propellant Figure 11 indicates the results of
5 tests on-the effect of the percentage
" of aluminum contained in the propellant
g on the heat transfer rate. Clearly, as’ !
the amount of aluminum is increased, the !
) T s heat transfer rate shows larger values, 1
T - Time (seq) in particular a value two times greater !
© Fig..9: Variation in Heat - is indicated in the throat section. As S
Transfer at Point E' for the heat transfer rate in the case of g
propellant contalnlng no ‘aluminum, 0.5-0.6
¢ seconds after ignition, as shown in Figure 12, the experimental values and the §
' theoretical values for the convection flow heat transfer rate agree well, %
i except in the fan-shapsd section of the nozzle. There is a good match between %

experimental and theoretical values 1.0-1.1 seconds after ignition, as shown
: in Figure 15, except in the throat section. Figures 13 and 14 show the distri-
P bution of the heat transfer rate in the case of propellant containing 10% and
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rig. 10: Comparison of Heat
Transfer Rate in Nozzle at
Time 0.5-0.6 Seconds and
1.0-1.1 Seconds

20% aluminum respectively, at 0.5-0.6
seconds. It can be seen here, that there
is a rather good match between computed
values of conduction flow heat transfer
and test values. The magnitude of the
radiant heat transfer from the aluminum
particles is smaller than the conduction
flow heat transfer, but the computed va -
ues in which corrections are made for
radiation, indicate a closer approximation
with respect to the test values. The
radiant heat transfer rate is particularly
great in the vicinity of the nozzle inlet.
Figures 15 and 16 indicate the distribution
of the heat transfer rate 1.0-1.1 seconds
after ignition. Generally a slight dif-

ference can be observed between theoretical and test values in the nozzle throat
section, but this is considered to be due to scattering in the tests.

-

. A
A}
LesateC Test results o~ A110% Propellant

{-a-.u 20% Propellant
oAl 0% Propellant

»n

Heat transfer rate
(7] rF
>

¢ ()
[ let
I Posttion inside nozzle

Fig. 11: Effect of Aluminum
Content in Propellant on the
Heat Transfer Rate in the Nozzle
Section (Test Results 0.5-0.6
Seconds after Ignition)

keal/mls'C 1
& . « Test values
~ Values from Bariz"s

-~
T

~

>,

Y

Heat wansfer rate,

X se Eb o b -

. Position inside nozzle

Fig. 13: Heat Transfer Rate Inside
Nozzle in Case of Propellant with

1028 Al . -

equation
/\--- Values obtained when adding
the radiation equation to
Xee Bartz's 0, 5-0, 6 seconds

teat/mtic

-~

o Test value;

—vyajues from Bartz's
) equatior‘xs 0.5-0. 6 seconds

Heat transfer rate

[] [ T
A AB'CD'DE' E

Position inside nozzle

Fig. 12: Heat Transfer Rate
Inside Nozzle in the Case
of Propellant with 0% Al

7@ Test values
‘eavatic) = Values from Bartz’s
equation
--«Values obtained when
adding the radiation equ-
ation to Bartz's equation
0.5-0.6 seconds

Heat wansfer rate

TA TR
B Position insride' nozzle )
Filg. 14: Heat Transfer Rate
tnside Nozzle in the Case
of Propellant with 20% Al
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Fig. 15: Heat Transfer Rate Inside the

Nozzle in the Case of Propellant with
0% Al

® Test values

vt . = Values from Bartz's
equation

-= Values obtained by )

adding radiation equa-

non to Bartz's equation

1 0-1 1 Seconds

>,

Heat transfer rate

T % co D E E
Pogsition inside nozzle .

Fig. 16: Heat Transfer Rate Inside the
Nozzle in the Case of Propellant with
102 Al

7. Conclusion

. The following facts were deter-
mined from this experimental study.

(1) There is a marked increase
in the heat transfer rate inside
the nozzle as the amount of ‘alum-
inum contained in the propellant
is increased.

(2) Even when the propellant
contains 20% aluminum, the influ-
ence of radiation from aluminum
particles on the nozzle heat trans-
fer is small, the major influence
being from conduction flow heat
transfer. '

(3) The computed values for
the conduction flow heat transfer
almost match the test values when
computed using Bartz's semi-theo-
retical cquation, even for propel-
lant containing large amounts of
aluminum, if we assume the mixed
flow of gas and alumina particles
go through the nozzle as a gas
phase with an equivaient spec1f1c
heat raiio K.

Finally, we would like to express
our gratitude to the personnel in

the rocket division beginning with Division Chief Kuroda, and to Technical
Officer Sekine of the Engine Section for their guidance and cooperation through-

out this study.’
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